The Duox2 flavoprotein is strongly expressed in the thyroid gland, where it plays a critical role in the synthesis of thyroid hormones by providing thyroperoxidase with H 2 O 2 . DUOX2 mRNA was recently detected by RT-PCR and in-situ hybridization experiments in other tissues, such as rat colon, and rat and human epithelial cells from the salivary excretory ducts and rectal glands. We examined Duox2 expression at the protein level throughout the porcine digestive tract and in human colon. Western blot analysis identified Duox2 as the same two molecular species (Mr 165 and 175 kDa) as detected in the thyroid. It was expressed in all the tissues tested, but the highest levels were found in the caecum and sigmoidal colon.
Introduction
Reactive oxygen species (ROS) have emerged as important molecules in many cells, and are involved in regulating essential cell functions such as growth and differentiation (2). In the thyroid, H 2 O 2 is the final electron acceptor for the thyroperoxidase-catalyzed biosynthesis of thyroid hormone at the apical surface of the thyrocytes (28).
A functional NADPH oxidase, generating H 2 O 2 in a Ca 2+ -dependent manner, has been solubilized from pig thyroid (13) , and a flavoprotein with an apparent molecular mass of about 180 kDa has been purified from it (9) . Microsequences were used to clone its porcine and human partial cDNAs (9) . The full length cDNA, encoding a 1,548-amino acid protein known as Thyroid Oxidase 2 (Thox2), has subsequently been cloned from human thyroid (5) .
Its sequence is 83% similar to that of the Thox1, which is also expressed in the thyroid gland (5) . Thox1,2 proteins and THOX1,2 genes are also known as dual oxidases1,2 (Duox1,2) and DUOX1,2 genes. Duox1 and Duox2 are the long homologues of gp91 phox , the catalytic core of phagocytic NADPH oxidase, which generates superoxide when phagocytic cells ingest bacteria. They belong to a new family of seven NOX/DUOX genes, which encode seven different NADPH oxidases and have differing mRNA tissue expressions (19) . Although a functional Duoxbased H 2 O 2 -generating system has not yet been reconstituted (6) , the essential role of Duox2 in thyroid hormone synthesis has been confirmed by the recent observation of permanent and severe congenital hypothyroidism in a patient with a biallelic inactivating mutation in the DUOX2 gene (24) . DUOX2 gene expression is not restricted to the thyroid, and it has also been found in the rat colon by . Recently, Leto et al. reported high DUOX2 mRNA expression in the salivary gland and rectum by Northern blots, and visualized DUOX2 expression in rectal 4 epithelial cells by in-situ hybridization experiments (11). In the same study, small amounts of DUOX2 mRNA were detected by Northern blot in the caecum and ascending colon. We present here data demonstrating that the Duox2 protein is expressed in all segments of the porcine digestive tract, but to a particularly marked degree in the large intestine. This expression was associated with NADPH-dependent H 2 O 2 -generating activity that has the same biochemical characteristics as thyroidal NADPH oxidase. We also show that the Duox2 protein is expressed in the human colon, small intestine and duodenum as well as in a human colon adenocarcinoma cell line (Caco-2)
Materials & Methods

Cell culture
Cultured human colonic adenocarcinoma Caco-2 cells, kindly donated by Dr I. Beau (INSERM U 510, Châtenay-Malabry, France), were grown in D-MEM (high glucose) medium (Invitrogen) supplemented with 15% FCS, 1% penicillin, 1% streptomycin and 1%
Fungizone. The cells were maintained at 37°C in a 10% CO 2 /90% air mixture. The culture medium was changed daily.
Preparation of the particulate fractions
Fresh tissues from two pigs were obtained from Institut National de la Recherche Agronomique and conveyed to the laboratory on ice. Normal human colon tissues were obtained from surgical specimens at Institut Gustave Roussy in accordance with local and national ethical laws, and conveyed to the laboratory on ice. All procedures were carried out at about 4°C. The porcine digestive tract was divided into eight segments: stomach, duodenum, jejunum, ileum, caecum, sigmoidal colon, floating colon and rectum (Fig. 1) . The tissues were cut into small pieces and suspended in 3 volumes of 0.25 M sucrose, 50 mM phosphate buffer, pH 7.20, 1 mM EGTA, 2 mM MgCl 2 and protease inhibitors (5 Lg/ml leupeptin, 0.15 mg/ml benzamidine, 5 Lg/ml aprotinin, 1 Lg/ml pepstatin and PMSF 16 mg/ml). The suspension was then homogenized with an Ultra-turrax for 2 min. The homogenate was filtered through 6 layers of cheesecloth and centrifuged at 500 x g for 15 min in a Sorvall SS34 rotor. The supernatant obtained was then centrifuged at 3000 x g for 15 min in the same rotor. The pellet was washed twice with 3 volumes of buffer A (0.25 M sucrose, 50 mM phosphate buffer, pH 7.20, 2 mM MgCl 2 and protease inhibitors) and centrifuged at 6 3000 x g for 15 min. The final pellet was gently suspended in 0.5 vol. of buffer A using a glass/Teflon potter homogenizer to provide the particulate fraction.
RNA isolation and Northern blot analysis
RNA was extracted from all the tissues and from the Caco-2 cells by the method of Chomczynski and Sacchi (4) . Northern blot analyses were performed as previously described (9) . Final washes were carried out at 60°C in 0.1 X SSC, 0.1% SDS (1 X SSC = 0.15 M NaCl, 15 mM sodium citrate). The porcine cDNA probe used was DUOX2 cDNA prepared by RT-PCR, using total RNA from pig thyroids. The sense and antisense DUOX2 primers, designed on the basis of the 3'-untranslated region of the DUOX2 cDNA, were 5'-CACTTCAGGCCTTAGCTGGA- respectively. The human cDNA probe used was DUOX2 cDNA prepared by RT-PCR using total RNA from human thyroids. The sense and antisense DUOX2 primers, designed on the basis of the 3'-untranslated region of the DUOX2 cDNA, were 5'-TGGCAGGCGTGGCAAGCAAA-3' and 5'-CACATCAGTGGTTGCTTCTA-3'
respectively. The cDNA probes were -32 P-labelled by random priming extension using a kit (Amersham). Membranes were analyzed by electronic autoradiography using INSTANTIMAGER (Packard). primers for porcine DUOX2 were designed from the porcine DUOX2 cDNA sequence, and were 5'-CACTTCAGGCCTTAGCTGGA-3' and 5'-GACCAAACGAATCTAGAGCA-3'
RT-PCR experiment
respectively. The amplified product was expected to contain 1051-bp. The sense and antisense PCR primers for porcine DUOX1 cDNA were 5'-TACAAGTCAGGACAGTGGGTG-3' and 5'-CGCAGTGCCTCGCATTTGTC-3' respectively, and the amplified product was expected to contain 954-bp. The sense and antisense primers for G3PDH were 5'-ACCACAGTCCATGCCATCAC-3' and 5'-TCCACCACCCTGTTGCTGTA-3' respectively, and the amplified product was expected to contain 452 bp.
Cloning of the human extracellular domain of Duox2 (ECD) and bacterial expression.
The extracellular domain encompassing the G 21 -L 589 fragment of the human Duox2 (ECD) was produced in Escherichia coli by pTrcHis TOPO TA Expression Kit (Invitrogen). The expression of the protein was induced by adding 1 mM IPTG to the bacterial culture for 4 hours. After centrifuging at 4,000 x g for 20 min, the bacterial pellet was resuspended in 20 ml of the lysis buffer (50 mM HEPES-NaOH pH 7.5, 0.5 mM NaCl, 1 mM PMSF, 5 mM DTT) containing 0.35 mg/ml lysozyme and sonicated for 10 min on ice. 1 mg DNAse I was added, and the suspension was shaken for 1 h at 37°C. The bacterially-expressed protein located in inclusion bodies was obtained by centrifuging at 30,000 x g for 30 min at 4°C. The pellet was washed twice with PBS containing 1% Triton X 100, and resuspended in 3 ml 50 mM HEPES-NaOH pH 7.5, 6M guanidine/HCl, 1 mM DTT and 0.2 % sarkosyl. Proteins were loaded onto a nickel chelater column (Probond, Invitrogen) pre-equilibrated in buffer P (20 mM sodium phosphate buffer pH 7.8 containing 4 M urea, 0.2% sarkosyl, 2 mM Chaps 8 and 0.5 M NaCl). The column was washed stepwise using buffer P at pH values of 6, 5.3 and 4 respectively. The bound, His-tagged protein was eluted with 50 mM EDTA pH 7.6, and concentrated 10 fold on centricon 50 (Amicon) before loading onto a 4-12 % polyacrylamide gel. After electrophoresis, the SDS-PAGE gel was transferred into a 0.3 M solution of CuCl 2 , and shaken for 2 min. The band of interest, visualized on a black background, was cut out, placed in a syringe and forced through the nozzle without the needle into a second syringe according to the method previously described (26) . This was repeated five times. The gel material was collected in a 2-ml Eppendorf tube with 20 mM sodium phosphate buffer pH 8 containing 4 M urea and 100 mM EDTA. The mixture was vortexed and incubated at room temperature for 15 min, and then poured onto a small column (Pierce). The protein was eluted from the gel by adding 20 mM sodium phosphate buffer pH 8 containing 0.4 M urea and 0.01% sarkosyl and concentrated 100 fold on centricon 50 (Amicon).
Western blot analysis
Protein samples (40 Lg) were suspended in the sample buffer (2% SDS, 5%
ß-mercaptoethanol and 10% glycerol), and SDS-PAGE and immunoblot analyses were performed as previously described (3 
Immunohistochemistry
Immunohistochemistry was performed on Duboscq-Brasil-fixed, paraffin-embedded tissue blocks of tissue samples as previously described (3) . Normal human tissues were fixed in A.F.A. (Acetic acid, Formaldehyde, Alcohol). Negative controls were prepared by incubating tissues with preimmune antisera.
Construction of the human extracellular domain of Duox2 deletions.
Deletions of various regions of the extracellular domain of Duox2 (ECD) were created using the "QuickChange" site-directed mutagenesis kit from Stratagene, with the ECD-pTrcHis-TOPO vector as a template. The T21-122 deletion was created using 
Stable cell transfection
The stable human DUOX1 and DUOX2 expressing cell lines were established using the 
Preparation of the plasma membrane-enriched fraction from pig thyroid gland
The preparation of plasma membranes was prepared as described previously (21).
Determination of protein content
Protein concentration was determined by the Bradford method (1).
Measurement of NADPH oxidase activity
Particles were incubated at 30°C in 1 
Treatment of the particulate fraction with PAO
The particulate fractions were treated as previously described (14). Briefly, the particulate fraction (1 ml, 100-120 Lg/ml) was preincubated for 10 min at 0°C in 50 mM sodium 
Solubilization.
Particulate fractions of porcine sigmoidal colon were thawed on ice and added with 1% Triton X 100 or 2 M KCl or both respectively. The suspensions were gently stirred for 60 min at 4°C
and centrifuged at 200,000 x g for 30 min. The supernatant was removed, frozen quickly in liquid nitrogen and stored at -80°C until used. The pellet was suspended in the same volume 50mM sodium phosphate pH 7.2 containing 2 mM MgCl 2 and 0.25 M sucrose plus protease inhibitors (5 Lg/ml leupeptin, 0.15 mg/ml benzamidine, 5 Lg/ml aprotinin, 1 Lg/ml pepstatin and PMSF 16 mg/ml), frozen quick in liquid nitrogen and stored at -80°C until used.
Results
Detection of porcine DUOX2 along the digestive tract by Western blot
Immunoblot analysis of membrane proteins from different tissues of the digestive tract shows that the protein Duox2 was expressed in all the tissues tested, but to a much greater extent in the stomach, caecum and sigmoidal colon (Fig. 2) .
Western blot analysis showed that membrane proteins displayed Duox2 as two bands at 165-and 175-kDa, respectively, as previously reported for the pig thyroid (22). These two proteins correspond to two differently N-glycosylated forms of Duox2 (6) . It was shown that only the more highly glycosylated form was resistant to endoglycosidase H digestion, indicating its passage through the Golgi apparatus and also suggesting that it constitutes the mature form involved in the active NADPH oxidase at the plasma membrane (6) . As observed in the thyroid, the 165-kDa form, which is the precursor of the 175-kDa form, was more abundant.
Preincubating the antibody with an excess of synthetic peptide prevented the labeling of these proteins (data not shown). Figure 3 shows an immunohistochemical comparison of Duox2 protein expression in porcine thyroid and caecum. As previously shown in human thyroid (3), Duox2 protein was detected at the apical membrane of thyrocytes (Fig. 3A) . Unlike human thyroid, the porcine tissue was homogenously stained and positive cells were contiguous, indicating that the mature form of Duox2 was expressed to a greater extent in porcine tissue. This finding was in accordance with previous finding showing that the 175-kDa form is specifically detected in a porcine thyroid fraction containing 10-20 times more NADPH oxidase activity than the human particulate fraction (21). In the porcine digestive tract, immunohistochemistry revealed intense staining at the apical surface of the epithelial cells of the caecum, with greater expression at the surface epithelium ( Fig. 3B and 3C ). No staining was seen at the bottom of the crypt. These findings indicated that Duox2 protein was only expressed in highly differentiated cells.
Expression of Duox2 protein in digestive tissues
The comparison of immunostaining for Duox2 on serial tissue sections from different gastrointestinal tissues is shown in Figure 4 . In these tissues, staining was observed at the brush border of the enterocytes, confirming that expression of Duox2 was restricted to highly differentiated enterocytes. At high magnification, immunostaining was also detected in the perinuclear zone, probably corresponding to the presence of Duox2 in the Golgi apparatus during maturation (Fig.4B) .
Analysis of DUOX2 mRNA expression along the digestive tract
We studied DUOX2 mRNA expression in the same tissues by Northern blot analysis and compared its expression to that of the protein. Northern blotting detected higher levels of DUOX2 mRNA in the porcine caecum than in the thyroid. The DUOX2 transcript was also abundant in the sigmoidal colon (Fig. 5A) . These results matched the protein-expression profile. On the other hand, DUOX2 mRNA was not detected by Northern blot in the other tissues even those where the Duox2 protein appeared to be well expressed, such as in the stomach and floating colon. DUOX2 mRNA was however detectable by RT-PCR (Fig. 5B) and it was concluded that DUOX2 transcript levels must vary considerably in different tissues, and not necessarily be related to protein expression. We also compared DUOX1 and DUOX2 mRNA expression in gastrointestinal and thyroid tissues. For this purpose, PCR experiments were performed to generate amplification products of similar size with oligonucleotides in the specific 3'-UTR of DUOX1 and DUOX2 mRNAs. Figure 5B shows that DUOX1 mRNA was 15 not at all, or only very weakly expressed in gastrointestinal tissues, whereas it was clearly detected in the thyroid gland.
Expression of Duox2 protein in human tissues
Fig 6A shows an immunohistochemical comparison of Duox2 protein expression in human colon, small intestine and duodenum. Immunohistochemistry showed that staining was more pronounced on the surface of epithelium. As observed with the porcine colon, the labeling was much more pronounced on the apical membrane. Western blot analysis of surgicallyremoved specimens from four patients showed that membrane proteins displayed Duox2 as a band at 165-kDa (Fig. 6B) . A 165-kDa Duox1/2 protein had already been observed in the 100,000 x g pellet from normal human thyroid and after transient transfection of nonthyroid cells (3) . The 175-kDa form was not detectable in human colon tissue, as had previously been reported in the human thyroid tissue (3).
Measurement of NADPH-dependent formation of H 2 O 2 in porcine gastrointestinal tissues
The expression of a 175-kDa form of Duox2 suggested the presence of a functional «thyroid oxidase» in the gastrointestinal porcine tissues. Figure 7 , particles from all the tissues incubated with NADPH generated H 2 O 2; this was Ca 2+ -dependent as in the thyroid particulate fraction (7) . The H 2 O 2 -generating activity was 16 correlated to Duox2-protein expression, and was much higher in caecum and helicoidal colon tissues, where the highest levels of Duox2 were also found by Western blotting (Fig. 2) . The H 2 O 2 -generating activity observed in stomach was only partly dependent on calcium. This could be due to the partial proteolysis of the H 2 O 2 -generating system during the preparation of the particulate fraction from this tissue, which contains particularly high levels of proteases.
Indeed, we had previously observed that the NADPH oxidase from the thyroid is fully desensitized to Ca 2+ after limited proteolysis by -chymotrypsin (8) .
Solubilization of the NADPH oxidase
To determine the subcellular distribution of the H 2 O 2 -generating system, the porcine colon particulate fractions were treated with 2M KCl, with the nonionic detergent Triton X 100 or with both. Fig 8A shows that NADPH-dependent, H 2 O 2 -generating activity was solubilized by a high concentration of salt in the presence of detergent, as previously demonstrated for pig thyroid plasma membrane (13) . The enzyme was not extracted from the particulate fractions by either Triton X 100 or KCl alone. As previously observed, the enzymatic activity could be only measured after overnight dialysis (13) . In a previous study, we showed that it took at least 6 h to restore the NADPH-dependent, H 2 O 2 -generating activity, suggesting that either a conformational change of the protein or a reassociation between different components extracted by the solubilization procedure had occurred (13) . Western blot analysis showed that the Duox2 protein was solubilized under the same conditions (Fig. 8B) , indicating that the NADPH-dependent, H 2 O 2 -generating activity measured under these conditions could be ascribed to the Duox2. -independent (Fig.9B ). Once again, this desensitization to Ca 2+ of the PAO-treated NADPH oxidase was the same as that observed with thyroidal NADPH oxidase (14).
Effect of phenylarsine oxide (PAO) on H 2 O 2 formation
Expression of Duox2 in a human colon adenocarcinoma cell line (Caco-2)
Caco-2 cells spontaneously undergo differentiation in post-confluent cultures. Due to their differentiation potential, these cells constitute a widely-used model of enterocytic differentiation and function. The DUOX2 mRNA expression of post-confluent Caco-2 was analyzed, and marked induction was seen at day 7 (Fig. 10A) . The expression of DUOX2 18 mRNA was not detected in exponentially growing non-confluent cultures. To investigate Duox2 protein expression in Caco-2 cells, we used monoclonal antibodies prepared against the human extracellular domain of Duox2. The deletion analysis showed that the monoclonal antibodies recognized the region between amino acids 123-224 (Fig. 10B) . Cloning of human DUOX1 and DUOX2 full-length cDNAs permitted us to stably express each protein in HEK293 cells, and to evaluate the specificity of this antibody toward human Duox proteins using Western blotting (Fig 10C) . The monoclonal antibody, which did not detect porcine Duox2 (lane 3), cross-reacted with both human Duox proteins (lanes 1 and 2), but essentially recognized the human Duox2 (lane 2). Immunoblot analysis of membrane proteins from
Caco-2 cells showed that the Duox2 protein was detected at day 10 (Fig 10 D) . This expression was correlated with an increase in a Ca 2+ -dependent, H 2 O 2 -generating activity measured at day 10 (Fig. 10E ).
Discussion
DUOX genes were identified in the thyroid gland, and were found to be essentially expressed in this tissue (9, 5) . However, expression of the DUOX2 gene is not restricted to the thyroid cell, and DUOX2 mRNA was also found in the rat colon by RT-PCR (10). Recently, Leto et al. (11) this difference could be due to the physiological state of the human tissues, which were taken from patients who had been fasting for 24 hours, whereas the porcine tissues were obtained from normally-fed animals. However, a species-related difference in Duox2 expression level and/or enzyme intrinsic activity cannot be excluded. Indeed, we previously observed that the NADPH oxidase activity of particulate fractions from human thyroid was 10 to 20 times lower than that of equivalent fractions from pig thyroid gland (21).
A discrepancy between the Northern blot and Western blot findings was observed.
DUOX2 transcript levels were not related to protein expression. The Duox2 protein appeared to be well expressed in the digestive tract, but its mRNA level varied in different tissues and in some of them it could only be detected by RT-PCR. As the Northern blot experiments were carried out using total RNA and not with polyA + mRNAs on the one hand, and as long mRNAs transfer less efficiently than shorter ones on the other hand, DUOX2 mRNA was probably at the limit of detection under the experimental conditions used. Moreover, unlike what we had observed with porcine tissues, Northern blot analysis of DUOX2-expression in human gastrointestinal tissues showed low levels of DUOX2 in the caecum and ascending colon, and high expression in rectum (11), this difference could be ascribed to the physiological state or fed state of the two species when the tissues were taken.
So far, non-thyroid cell lines transfected with DUOX2 cDNAs alone have failed to generate H 2 O 2 (6). The lack of H 2 O 2 production could be related to the absence of the most glycosylated form of the Duox2 protein, and/or to the absence of Duox expression at the plasma membrane. Duox expression at the plasma membrane was only obtained in the thyroid cell lines, suggesting that an additional thyroid-specific component is required to reconstitute a functional system. In contrast, Western blots made with proteins from different digestive tract tissues revealed two proteins (165 and 175-kDa respectively), corresponding to two different N-glycosylation states of the Duox2 protein previously detected in the thyroid. The component(s) required for the complete Duox2 maturation must therefore also be expressed in the digestive tract.
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The existence of two distinct DUOX genes raises the question of their respective roles.
The expressions of their respective mRNA are correlated in vivo in both normal thyroid (3) and in thyroid carcinomas (18) , and are controlled in similar ways by TSH in vitro (5) . It has been suggested that they could be implicated in a heteropolymeric structure, with each subunit playing a distinct role in the catalytic reaction. Our data showing that Duox1 is not expressed at all, or only weakly expressed, in the digestive tract consequently demonstrate that Duox2 is functionally independent of Duox1. In contrast, the DUOX1 gene appears to be preferentially expressed along the mucosal surface of the trachea and the bronchi (11).
Our findings in terms of proteins, demonstrate that Duox2 is expressed in highly differentiated colon epithelial cells, and is therefore probably implicated in some function of these cells. Duox2 was found to be co-expressed with lactoperoxidase (LPO) in the salivary gland and rectum. It has been proposed that Duox2 could be the source of H 2 O 2 for LPO-catalyzed reactions and therefore, could be implicated in a host defense mechanism (11).
The presence of Duox2 throughout the digestive tract, and particularly in the large intestine where the microbial flora is most abundant, strengthens this hypothesis. (1), duodenum (2), ileum (3), jejunum (4), caecum (5), sigmoidal colon (6), floating colon (7) and rectum (8) were processed as described in
Materials and Methods.
Immunoblot analysis was performed with the anti-peptide raised against the 14-amino-acid peptide encompassing the L 410 -T 423 portion of porcine Duox2.
Particulate proteins (40 Lg) from thyroid (9) were used as the control. detected by methylene blue staining. B, Ethidium bromide-stained 1% agarose gel of PCRgenerated DNA templates. PCR was performed using single-stranded cDNA generated by reverse transcription of RNAs from the same tissues as template, as described in Materials and Methods. G3PDH was amplified to check the integrity of the cDNA. 
